ABSTRACT This study investigated the hypothesis that dietary supplementation of lignocellulose in broilers influences the gut bacterial population and bacterial fermentation, has anti-inflammatory effects, and increases mucin synthesis in the intestine, and, through these changes, influences broiler performance positively. Day-old male Cobb 500 broilers (n = 96) were allotted to 3 experimental groups and fed 3 different maizewheat-soybean meal-based basal diets during days 1 to 10, 11 to 21, and 22 to 35. The basal diets were fed to the control group, and were supplemented with 0.8% of a standard lignocellulose (LCS) or a fermentable lignocellulose (LCF). Body weight and feed consumption were determined, and at slaughter (day 35), carcass and gizzard weights and gizzard content pH were recorded, and samples of jejunum, cecum, and colon mucosa and of cecum digesta were collected from 15 birds/group. Growth performance and feed intake were not influenced, but dressing percentage was higher in group LCF compared to the other groups. In group LCS and the control group, performance, gizzard weight and gizzard content pH, intestinal gene expression of proinflammatory cytokines and of the mucins 2, 5ac and 13, the cecal short-chain fatty acid (SCFA) profile, and bacterial diversity were similar, and relative abundance of bacterial groups (16S DNA sequencing) differed. Supplementation of LCF decreased the expression of the pro-inflammatory genes encoding interleukins 1ß and 17 (P < 0.05) and those of 2 and 8 (P < 0.10) in the jejunum only. The bacterial population differed, and the SCFA profile shifted toward acetate at the expense of butyrate in group LCF compared to the control group. For example, the abundance of Firmicutes and of Ruminococcaceae and Lactobacillaceae decreased, whereas those of Peptostreptococcaceae, Erysipelotrichaceae, and Enterobacteriaceae and that of members of the phylum Proteobacteria increased in group LCF compared to the control group. These data indicate that the susceptibility of lignocellulose to fermentation is crucial for mediating its effects on intestinal gene expression and the bacterial population in the cecum, which may also affect dressing percentage.
INTRODUCTION
Dietary fibers are water-soluble or insoluble carbohydrates, amongst them cellulose and hemicellulose, which cannot be digested by endogenous animal enzymes. However, especially fiber sources with insoluble fibers, such as oat hulls, have physical effects which may help to ensure the functioning of the digestive tract, e.g. by influencing gizzard motility and secretion of HCl and pepsinogen (Mateos et al., 2012) . In addition, fermentable fiber sources are substrates for microbial fermentation in the hindgut. They influence the microbial population in the gut, which has been shown with wheat production and contact of bacteria with the epithelium may additionally mediate changes in immune status (Schley and Field, 2002) .
Lignocellulose products made from wood have become available for use in animal nutrition as fiber sources, and are typically added to diets in low inclusion rates. These products contain insoluble fiber, which may be mainly non-fermentable, or which may contain both non-fermentable and fermentable fiber components. Because the effects of dietary fiber inclusion depend on fiber source and physicochemical characteristics of the fiber, it is of interest to evaluate if lignocellulose affects microbial fermentation, gut health, and performance differently than traditional fiber sources like oat and wheat bran.
Therefore, in the present study, 2 types of insoluble lignocellulose products that differ in susceptibility to microbial degradation have been supplemented to broiler diets. We hypothesized that dietary inclusion of these lignocelluloses modulates both the bacterial population and the SCFA profile in the cecum, increases gene expression of mucins and decreases those of proinflammatory cytokines in the intestine, and improves broiler performance.
MATERIALS AND METHODS

Birds, Husbandry, Diets and Experimental Design
A total of 96-day-old male broiler chickens (Cobb 500, Cobb, Wiedemar, Germany) were allotted to 3 experimental groups of each 32 birds so that the mean initial body weight was similar between experimental groups (41.6 ± 3.2 g; mean ± standard deviation). The birds were kept in a total of 12 cages of 2.1 m 2 (8 birds/cage) on cardboards of which the upper crinkled cardboard layer was exchanged twice per week (day 1 to 14) or every 2 d (days 14 to 35). The birds were fed until 35 d of age. Each cage was equipped with nipple drinkers and a feed trough. Light intensity was constantly at 30 lx and the light regime was in hours, 24: 0, 23: 1, 22: 2, 21: 3, 20: 4, 19: 5 (light: dark) at days 1, 2, 3, 4, 5, 6, and 18: 6 from day 7 on. On the first day, the room temperature was 28 to 29
• C and infrared lamps were used additionally to adjust the temperature on the cage floor to 34
• C and the height of the infrared lamps above the cage floor was adjusted to modify the temperature based on huddling behavior of the chicks during the first week. The temperature decreased from 28-29
• C to 23-24
• C during 5 wk. The broilers had free access to feed and water throughout the experiment. The broilers were phasefed 3 different basal diets during days 1 to 10, 11 to 21, and 22 to 35 to meet their requirements for maintenance and growth (National Research Council, 1994) . The dietary ingredients and the nutrient composition of the basal diets are shown in Table 1 . These basal diets were supplemented on top with either 0.8% of a standard lignocellulose (FibreCell, Agromed Austria GmbH, Kremsmünster, Austria) (group LCS) or 0.8% of a eubiotic lignocellulose product (OptiCell, Agromed Austria GmbH) with similar chemical composition, but higher susceptibility to microbial fermentation (group LCF), and the feed was then pelletized. For the production of standard lignocellulose, wood chips of fresh untreated trunk wood runs through a thermal processing (indirect drying with max. 100
• C to 6 to 9% residual moisture), grinding at 75
• C for 1 min, pelleting at 80
• C without pellet aid, and finally crumbling to defined particle size. Eubiotic lignocellulose runs through a similar process but raw material consists of wood chips of fresh untreated wood and bark at a defined ratio. Wood and bark are dried separately and mixed during the grinding process. Yousseff and Kamphues (2017) have shown that the DM digestibility of the lignocellulose contained in the Opticell product is approximately 23%, whereas those of the standard lignocellulose is <5% as evaluated by in vitro fermentation with turkey excreta for 48 h. Nutrient composition and physicochemical behavior of the lignocellulose products are given in Table 2 . Body weight (individually) was determined at days 10, 21, and 35, and cumulative feed consumption (per cage) was recorded during days 1 to 10, 10 to 21, and 21 to 35. The consistency of the droppings was monitored each 3 to 4 times during the starter, grower, and finisher period using the scoring system according to Ogunji et al. (1983) . All experimental procedures were in strict accordance with the Appendix A of European Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes (ETS NO. 123). In Accordance with Article 4 par. 3 of the German Animal Welfare Law, all animals were killed for scientific purposes (manual stunning with a beating wood before bleeding by opening of the vena jugularis and arteria carotis) which was approved by the Animal Welfare Officer of the Justus-Liebig-University, JLU No. 562 M.
Sample Collection
At slaughter (day 35), the weights of carcass (hot carcass weight) and gizzard were recorded directly at slaughter and gizzard content pH was measured with a Digital pH meter (Knick, Berlin, Germany) and pH electrode InLab 427 (Mettler Toledo, Giessen, Germany) from 15 birds/group. Samples of jejunum, colon, and cecum mucosa were collected and stored at -80
• C until RNA isolation and cecum digesta was sampled and stored at -80
• C until analysis of concentrations of SCFA and determination of the composition of the bacterial population. In addition, carcass characteristics have been determined at day 10 from 8 birds per group, but samples were not collected. Feed samples were collected after feed manufacturing from each of the 9 diets and were stored at -20
• C. Braach et al. (2017) , the content of total dietary fiber was 95 and 95%, of insoluble dietary fiber 94 and 93%, and of soluble dietary fiber 11 and 13% in OptiCell (Lignocellulose I) and FibreCell (Lignocellulose II), respectively, as determined with AOAC method no. 991.43.
2 Information from the supplier (Agromed Austria GmbH, Kremsmünster, Austria).
Laboratory Analyses
In feed, concentrations of DM, CP (N × 6.25), crude lipids, CF (in defatted feed sample), and crude ash (methods 3.1., 4.1.1., 5.1.1, 6.1.1., and 8.1) and of ash-free neutral detergent fiber (method 6.5.1.) (VDLUFA, 2013) were analyzed. In the lignocellulose products, DM, crude ash, CF, ash-free neutral detergent fiber, ash-free acid detergent fiber (method 6.5.2.; VDLUFA, 2013), and acid detergent lignin (method 6.5.3.; VDLUFA, 2013) were analyzed. In addition, swelling water capacity and water retention capacity were determined according to Robertson et al. (2000) , and fat binding capacity according to Abdul-Hamid and Luan (2000) .
In the gut mucosa, gene expression of proinflammatory genes and genes involved in mucin synthesis was determined. RNA isolation using Trizol reagent (Cat. 15596018; Thermo Fisher Scientific, Carlsbad, CA), cDNA synthesis, and quantitative PCR (qPCR) were performed according to Zeitz et al. (2016) . The characteristics of the gene-specific primer pairs, which were obtained from Eurofins Genomics (Ebersberg, Germany), are listed in Table 3 .
The SCFA concentration was analyzed by gas chromatography (Clarus 580 GC system, Perkin Elmer, Waltham, MA) in 100 mg of cecum digesta as described in Fiesel et al. (2014) . Individual fatty acids were identified by comparing their retention times with those of individually purified standards. The fatty acid concentrations were calculated from the peak areas relative to the peak area of crotonic acid as the internal standard.
For cecal microbiota analysis, total DNA was isolated from 180 to 200 mg of cecum digesta with phenol: chloroform: isoamylalcohol according to Lagkouvardos et al. (2015) . Concentration and purity of the DNA were controlled with a nanodrop system, the V3/V4 region of the 16S rRNA gene was amplified, and the amplicons were sequenced in a MiSeq system (Lagkouvardos et al., 2015) . The raw sequence data were processed according to Lagkouvardos et al. (2015) . Raw read files were demultiplexed (allowing a maximum of 1 error in barcodes), and each sample was processed using usearch 8.0 (Edgar, 2010) following the UPARSE approach (Edgar, 2013) . First, all reads were trimmed to the position of the first base with quality score >3 and then paired. The resulted sequences were size filtered excluding those with assembled size <300 and >600 nucleotides. Paired reads with expected error >3 were further filtered out and the remaining sequences were trimmed by 10 nucleotides on each side to avoid GC bias and nonrandom base composition. For each sample, sequences were de-replicated and checked for chimeras with UCHIME (Edgar et al., 2011) . Sequences from all samples were merged, sorted by abundance, and operational taxonomic units (OTUs) were picked at a threshold of 97% similarity. Finally, all sequences were mapped back to the representative sequences resulting in 1 OTU table for all samples. Only those OTUs with a relative abundance above 0.25% total sequences in at least 1 sample were kept. The RDP classifier (Wang et al., 2007) was used to assign taxonomic classification to the OTUs representative sequences, and the classification was manually compared with that using Eztaxon (Chun et al., 2007) . In the tables, the taxa names used are those from EzTaxon. Data normalization and statistical analysis were done in the R programming environment using Rhea (Lagkouvardos et al., 2017) . Because high-throughput sequencing results in different number of sequences per samples, a normalization of the read counts is required prior to downstream analysis. For estimation of diversity within samples (alphadiversity), the Shannon and Simpson indices were calculated and transformed to the corresponding effective number of species as described by Jost (2007) because effective species counts reflect better the true diversity within samples when compared with metrics like species richness as these are less affected by the number of rare species. For beta-diversity analysis, generalized Unifrac distances were calculated using the package GuniFrac (Chen et al., 2012) . For visualization of relationships between bacterial profiles, 2 methods, a hierarchical clustering dendrogram (Ward's method) and a non-parametric multiple dimensional scaling plot, were computed using the packages vegan and ade4. To evaluate the effect of diet on taxonomic counts, the nonparametric Kruskal-Wallis rank-sum test followed by the Mann-Whitney test as a post hoc test was applied using Minitab.
The relative abundance of the butyryl-CoA CoA transferase gene, a key enzyme for butyrate synthesis via the dominant butyryl-CoA CoA transferase pathway, was determined in the cecum digesta DNA with quantitative real-time PCR with primer pairs BCoATscrF and BCoATscrR (Louis and Flint, 2007) which were synthesized at Eurofins MWG Operon (Ebersberg, Germany). The qPCR was carried out on a Rotorgene 2000 system (Corbett Research, Mortlake, Australia) using 2 μL DNA (DNA concentration: 8.8 ± 2.6 ng/μL) combined with 8 μL of a mixture composed of 5 μL KAPA SYBR FAST qPCR Universal Mastermix (Sigma-Aldrich), 0.2 μL each of 125 μM forward and reverse primers (Louis and Flint, 2007) , and 3.6 μL DNase/RNase-free water in 0.1 mL tubes (Ltf Labortechnik). PCR conditions were as follows: 3 min 95
• C and 35 cycles of 5 s 95
• C, 20 s 62
• C; the last step was included to melt primer dimers before data acquisition. Melt curve analysis indicated the presence of 2 different products as shown by a major peak at 83
• C and a minor peak at 88 to 89
• C melting temperature, which indicates that different bacterial groups like members of the Eubacterium hallii and Faecalibacterium prausnitzii groups contributed to BCoATscr gene abundance (Hippe et al., 2011) . The amplification of products of the expected size (557 bp; compare e.g. Genbank No. DQ072258.2 -E. hallii and DQ072259.2 -F. prausnitzii) was approved using 2% agarose gel electrophoresis stained with GelRed nucleic acid gel stain (Cat. 41003; Biotium Inc., Hayward, CA). The Ct values were obtained using Rotorgene Software 5.0 (Corbett Research), and copy numbers were calculated with the help of the dilution curve (arbitrary units). The mean of the control group was set to 1, and the means and standard errors of the other groups were scaled proportionally.
Statistical Analysis
One-way analysis of variance was performed with Minitab (Release 13) considering experimental treatment as fixed factor. The data sets were tested for normal distribution of the residuals. The Tukey test was used as post hoc test. The experimental unit was the cage for performance data and was the individual animal for carcass evaluation and laboratory analyses.
RESULTS
Feed intake and weight gains of the broilers were similar in all treatment groups during all growth periods (Table 4 ). The feed: gain ratio was similar between The data set was analyzed by 1-way ANOVA with experimental treatment as fixed factor. The experimental unit was the cage (4 cages per group).
Score 1, normal dry droppings and coning; 2, slightly loose droppings, some coning but no free water; 3, loose droppings with slight coning and some free water; 4, extremely loose droppings with no coning and large amounts of free water. The data set was analyzed by 1-way ANOVA with experimental treatment as fixed factor. The experimental unit was the individual animal (8 and 16 animals per group at day 10 and 35, respectively). Please note that individual live weights have been used for dressing percentage calculation, whereas live weight on cage basis is displayed in Table 4 . a,b Means with different superscripts within rows differ significantly in the post hoc test (P < 0.05).
groups. Carcass weights, relative gizzard weights, and gizzard content pH were not influenced by dietary supplementation of lignocellulose (Table 5) . However, at day 35, the dressing percentage was higher in broilers fed LCF-supplemented diets compared to the control group. The mortality was 2.1%.
In the jejunum mucosa, supplementation of LCF decreased relative mRNA abundance of interleukin 1b (IL1B) and IL17 (P < 0.05) and that of IL2 and IL8 (P < 0.10) compared to the control group (Table 6) . However, the expression of proinflammatory cytokines was largely similar between treatment groups in the cecum and colon mucosa. Likewise, relative mRNA abundances of selected genes involved in epithelial mucin synthesis were not influenced by lignocellulose supplementation.
In the cecal digesta, total SCFA concentrations did not differ between groups (Table 7) . However, molar proportions of acetic acid increased and those of butyric acid decreased in the cecum digesta of LCFsupplemented broilers compared to those fed control Table 6 . Relative mRNA abundance of proinflammatory and genes associated with mucin synthesis in the jejunum, cecum, and colon of 35-day-old broilers fed either a control diet (CON) The data set was analyzed by 1-way ANOVA with experimental treatment as fixed factor. The experimental unit was the individual animal (15 animals per group). For abbreviations, see Table 3 . a,b Means with different superscripts within rows differ significantly in the post hoc test (P < 0.05).
diets and diets supplemented with LCS. Concomitantly, the bacterial population differed in LCF-supplemented broilers compared to those fed control diets and diets supplemented with LCS ( Figure 1 , Table 8 ). In the 45 cecal samples, in total 76 OTUs have been identified (Supplemental Table S1 ). Alpha-diversity analysis indicated that the species richness did not differ between groups ( Figure 1A ). However, beta-diversity analysis revealed a significant clustering of samples according to diet, i.e., showed differences in diversity between LCFsupplemented broilers compared to the other 2 groups ( Figure 1B ). Supplementing diets with LCF was associated with an overall decrease in the proportions of Firmicutes (mean abundance: 97.0%) in the cecal digesta compared to the control group, although the relative abundance of its largest group, the family Lachnospiraceae, was not affected by treatments (Table 8) .
Within the Firmicutes, the relative abundance of the Ruminococcaceae and Lactobacillaceae-the latter included mainly sequences 100% similar to Lactobacillus johnsonii-decreased in group LCF compared to the other groups (Table 8, Supplemental Tables S1 and S2 ).
In contrast, LCF supplementation increased the abundance of the Peptostreptococcaceae (best hit taxa: 99.3 and 98.3% similar to Romboutsia sedimentorum and Clostridium difficile), Clostridiacae (99.8% similar to C. perfringens), and Erysipelotrichaceae (mainly Turicibacter and Clostridium ssp.) compared to the other 2 groups. In addition, the relative abundance of the Proteobacteria (family Enterobacteriaceae, mainly Escherichia coli) was higher in group LCF compared to the other groups, whereas the proportion of members of the Actinobacteria, i.e., of the families Bifidobacteriaceae and Coriobacteriaceae, did not differ between groups (Table 8 ). Supplemental Table S2 shows that LCF supplementation affected the bacterial population on genus level and also in families where abundance did not differ overall between groups, like in the Lachnospiraceae family. For example, within Lachnospiraceae, the abundance of Blautia was higher in group LCF compared to the control group, whereas that of Hungatella, Fusicatenibacter, and Coprococcus were lower (Supplemental Table S2 ). Within the Ruminococcaceae, the abundance of all genera affected by LCF supplementation, like e.g., Butyricicoccus and Anaerotruncus, decreased. Members of the phylum Bacteroidetes were not detected in the present study. The relative abundance of the BCoATscr gene was affected by lignocellulose supplementation (P = 0.035); it was lower in group LCF (0.66 ± 0.09; mean ± SE) compared to group LCS (1.08 ± 0.14); however, the control group (1.00 ± 0.13) was intermediate.
DISCUSSION
Effect of Lignocellulose on Performance and Carcass Characteristics
Poultry has a requirement for a minimal amount of fiber in the diet, which is around 3% CF (Mateos et al., 2012) . Performance decreases when diets contain ≥10% CF (Hetland and Svihus, 2001; Kalmendal et al., 2011) ; however, up to 8% of CF in the diet may still result in higher performance in comparison to low fiber diets provided that the fiber types used contain predominantly insoluble fiber (Kalmendal et al., 2011) . In the present study, supplementing lignocellulose did not influence growth performance. However, it has to be noted as a limitation of this study that the basal diets contained already 4.0 to 6.2% CF and therefore, positive effects of additional fiber inclusion are not necessarily expected. In addition, the supplementation level of 0.8%-which had been chosen based on the recommended typical inclusion ratio for the tested products-was rather low. Still, supplementation of the partly fermentable lignocellulose increased the dressing percentage. A possible explanation may be that dietary fiber inclusion can affect intestinal length and weights of organs like gizzard and proventriculus (Mateos et al., 2012) . In this context, increased gizzard weight and reduced pH indicate an improved function of the gizzard, and, as gizzard function is crucial for whole gut functioning, Table 8 . Bacterial population composition (family level) in the cecum digesta of 35-day-old broilers fed either a control diet (CON) or diets supplemented with either 0.8% of standard lignocellulose (LCS) or 0.8% of fermentable lignocellulose (LCF) (% of total sequences). may also indicate improved digestion (Mateos et al., 2012) . However, gizzard weight and gizzard content pH were similar in all groups; thus, physical effects of dietary lignocellulose inclusion could not be verified. This is probably related to the small particle size of the lignocellulose. Whereas the inclusion of insoluble, coarsely ground fiber, like e.g., oat hulls, into broiler diets often increased gizzard size and decreased gizzard content pH (Hetland et al., 2003; Jimenez-Moreno et al., 2009 , 2010 , the inclusion of cellulose and lignocellulose with very low particle size into broiler diets did not change gizzard weight or pH (Jimenez-Moreno et al., 2010; Kheravii et al., 2017) .
Effect of Lignocellulose on Pro-inflammatory Gene Expression
An interesting finding of the present study was the anti-inflammatory effect of the partly fermentable lignocellulose product OptiCell as demonstrated by reduced mRNA abundance of some proinflammatory cytokines like IL1B in the jejunum mucosa. The IL1B, produced by intestinal epithelial cells (IEC) in response to microbial stimuli or tissue damage (Stadnyk, 2002) , stimulates infiltration of immune cells from the blood to the gut epithelium and increases the production of IL6 and IL17 (Dinarello, 2009 ). The gene expression of both cytokines was also reduced or in tendency reduced in the jejunum mucosa of the LCF-fed broilers. Our data corroborate those of others, as local and also systemic anti-inflammatory effects of fermentable fibers have been described before (Kuo, 2013 ). An antiinflammatory effect with OptiCell but not with FibreCell may be on one hand ascribed to the ingredients, because lignin and their derivatives may have antiinflammatory properties (Vinardell and Mitjans, 2017) and the 2 lignocellulose products differed in bark: trunk wood ratio and thus probably in composition of specific ingredients. On the other hand, anti-inflammatory effects may have been indirectly mediated. Although the bacterial population in the jejunum is drastically lower compared to the cecum (Yeoman et al., 2012) and we neither determined the SCFA profile nor the bacterial population in the jejunum, it cannot be excluded that the fermentable lignocellulose influenced the bacteria in the jejunum. It is known that the beneficial effects of dietary fiber are at least partly mediated by the microbial population and their fermentation end products, the SCFA (Kuo, 2013; Arpaia and Rudensky, 2014) . For example, gut bacteria may directly interact with IEC; e.g., different strains of lactobacilli have been shown to possess different abilities to directly interact with IEC and thereby modulate cytokine production by IEC (Wallace et al., 2003) . In addition, anti-inflammatory effects have been associated with acetate production from certain bifidobacteria strains and related effects on the colon epithelium of mice (Fukuda et al., 2011) . The slight anti-inflammatory effect of the fermentable lignocellulose supplemented in group LCF may have reduced energy and protein consumption of the gut, and may be one possible explanation for the increased dressing percentage.
Effect of Lignocellulose on SCFA Profile and the Bacterial Population
The investigation of the SCFA profile in the cecum revealed that it shifted toward higher acetate and lower butyrate proportions in LCF-supplemented broilers compared to control and LCS-supplemented broilers. This observation suggests changes in the bacterial population and in their fermentation pathways and can be explained by higher substrate availability in group LCF compared to the others 2 groups due to the fact that OptiCell is partly fermentable (Yousseff and Kamphus, 2017) . The SCFA can modify immune responses as noted above, but acetate or butyrate may also stimulate mucin synthesis (Montagne et al., 2004) . However, in the present study, the intestinal gene expression of MUC2, the most important mucin (Hansson, 2012) , and of MUC5ac and MUC13, were not influenced. It has to be noted, however, that it is unknown if mucin release from goblet cells, which can change rapidly (Williams, 2012) , was modified. Another possible SCFA-mediated effect is reduced litter moisture content which is related to SCFA favoring sodium and water absorption (Cummings, 1984) . As shown in broilers (Kheravii et al., 2017) , litter moisture may be influenced by the inclusion of fermentable fiber in the diet. However, in the present study, the fecal score was not influenced which may be explained by the rather low extra amount of fiber added in comparison to the rather high CF content of the basal diets and the unchanged total concentrations of cecal SCFA.
In line with our expectations, the bacterial population was modified most strongly in the cecum of those broilers which received the partly fermentable lignocellulose. However, one may speculate that effects on some bacterial groups, which were also found in group LCS compared to the control group, were mediated by phenolic fragments in lignin which have antimicrobial properties (Baurhoo et al., 2008) . Likewise, it has been shown that supplementation of non-or hardly fermentable lignocellulose up to 1% of the diet changed the cecal microbial population (Bogus lawska-Tryk et al., 2015) . Concerning the changes occurring due to OptiCell supplementation, we had expected a stimulation of fibrolytic bacteria based on the characteristics of lignocellulose as a substrate; however, instead groups were stimulated whose members are not specialized on fermentation of complex carbohydrates. For example, the abundance of the Ruminococcaceae und Lachnospiraceae was reduced, whose genomes have a high diversity of carbohydrate-degrading enzymes (Biddle et al., 2013) . Similarly, Kheravii et al. (2017) reported lower abundance of Ruminococcus spp. due to supplementation of the LCF product. Although the Clostridiaceae, which increased 38-fold in group LCF, also possess enzymes needed to degrade plant cell wall carbohydrates, another characteristic is the comparably high proportion of genes which encode transporters for mono-and disaccharides (Biddle et al., 2013) , which may have increased the competitiveness of the Clostridiaceae under the conditions when fermentable lignocellulose is available. The abundance of another non-fibrolytic group, the Peptostreptococcaceae (majority of sequences assigned to Romboutsia), doubled with LCF supplementation. This family is known for growth on proteinaceous substrates and some carbohydrates (Slobodkin, 2006) . The genus Romboutsia utilizes mainly mono-and disaccharides to form acetic, formic, and lactic acid (Gerritsen et al., 2014) . Despite the observation that the abundance of the Lactobacillaceae family, and those of the genus Lactobacillus which are characterized by the formation of lactic acid and have health-promoting properties (Walter, 2008) , was lower in group LCF compared to the other groups, an interesting feature of several OptiCell-stimulated bacterial groups was lactate production. For example, in addition to Romboutsia, the Erysipelotrichaceae nearly doubled in group LCF compared to the control group. Turicibacter sanguinis, to which the majority of the Erysipelotrichaceae sequences were assigned, is also known to have a limited range of carbohydratedegrading enzymes and produces lactic acid as major fermentation product (Bosshard et al., 2000) . One may hypothesize that OptiCell supplementation stimulated lactate formation and thus increased the availability of lactate as substrate for bacterial cross-feeding. In broilers, Kheravii et al. (2016) have shown that, with wheat-based diets, supplementation of the LCF product increased lactate and slightly also butyrate concentrations in the cecum digesta. A direct comparison between in vitro fermentation of the products FibreCell and OptiCell with turkey excreta indicates that the proportion of butyrate is higher when OptiCell is fermented (Youseff and Kamphues, 2017) . This may be explained by the fact that a range of intestinal bacteria are known to use lactate for butyrate production (Belenguer et al., 2011 , Eeckhaut et al., 2011 . However, if lactate production has been stimulated in the present study, this seems to have stimulated acetate production instead, because acetate proportions were increased in group LCF compared to the control group, concomitantly with increased abundance of known acetate producing bacteria like Blautia (RajilicStojanovic and de Vos, 2014) . This finding is corroborated by lowest butyrate proportions and abundance of typical butyrate-producing bacteria like Ruminococcaceae and Lachnospiraceae (Onrust et al., 2015) and Coprococcus (Rajilic-Stojanovic and de Vos, 2014) as well as copy numbers of the butyryl-CoA CoA transferase gene in the cecum digesta in group LCF. The reason for the discrepancy in findings between the different studies is not known. However, it is known that lactate utilization and the proportion of lactate used for either acetate, propionate, or butyrate synthesis can drastically differ depending on inoculum source (i.e., individual human fecal suspension) and pH (Belenguer et al., 2011) . Differences in basal diet and bird husbandry may explain differences in the reaction of the microbiota.
In conclusion, the data show that fermentable dietary lignocellulose clearly modifies the microbial population and the SCFA profile in the cecum and also has slight anti-inflammatory effects. These changes may be the reason for the higher dressing percentages in LCFsupplemented broilers.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Supplemental Table S1 . The 76 OTUs identified in chicken cecum digesta throughout all experimental treatments and sorted by mean relative sequence abundance within bacterial family. Supplemental Table S2 . Bacterial population composition (genus level) in the cecum digesta of 35-day old broilers fed either a control diet (CON) or diets supplemented with either 0.8% of standard lignocellulose (LCS) or 0.8% of fermentable lignocellulose (LCF) (% of total sequences).
